We are developing an alternative approach to optical probes that will ultimately allow us to measure chemical concentrations in microenvironments within cells and tissues. This approach is based on monitoring the surface-enhanced Raman scattering (SERS) response of functionalized metal nanoparticles (50-100 nm in diameter). SERS allows for the sensitive detection of changes in the state of chemical groups attached to individual nanoparticles and small clusters. We present the development of a nanoscale pH meter. The pH response of these nanoprobes is tested in a cell-free medium, measuring the pH of the solution immediately surrounding the nanoparticles. We developed and used SERS correlation spectroscopy and single particle/cluster SERS spectroscopy to characterize heterogeneities in the SERS signal, which result from the formation of small nanoparticle clusters. These heterogeneities have historically provided inconsistent response to pH, leading a poor sensitivity of ~1 pH unit. The response of the nanoscale pH meters is tested under a wide range of conditions to approach the complex environment encountered inside living cells and to optimize probe performance. We have also developed a rapid scanning technique to obtain pH information using confocal microscopic imaging. Together with the development of hollow gold nanoshells with collaborators, this project enables future cell-based studies of pH using SERS. This research will be continued as a collaboration with the
Background
Recent research has shown that chemical microenvironments play a crucial role in both normal and diseased tissues. Measuring chemical concentration variations or chemical gradients across membranes is important for understanding basic biological processes, and relevant to developing disease treatments. High spatial resolution is essential for measuring chemical concentrations in small microenvironments such as cells. In order to understand the role of these chemical microenvironments, we need tools that are capable of providing chemically specific information along with sufficient spatial resolution. Much of the data on chemical microenvironments was acquired using magnetic resonance imaging. For example, magnetic resonance spectroscopy (MRS) has been used extensively to measure the intracellular and extracellular pH of tumors in cellbased studies as well as in vivo, monitoring tumor development in mice [1] . While MRS has been useful in identifying the presence of chemical microenvironments, the spatial resolution is limited to 0.1 to 1 mm. It is speculated that microenvironments are present on a much smaller scale prompting the need for higher resolution techniques for measuring chemical concentrations in these microenvironments.
Optical probes have been developed that can provide spatial resolution on the order of a micron. These probes are based on a variety of fluorescent dyes that change their fluorescent properties in response to chemical changes in their environment. For example, the dye fluorescein exhibits a sensitivity to pH, which changes both fluorescence lifetime and the spectral emission of the dye [2] . These dyes, however, have a number of shortcomings: organic dyes rapidly photobleach under continuous excitation, limiting the observation time to typically about a few minutes. Also, the fluorescent dyes are generally used at very high concentrations in order to detect the signal over the autofluorescence background of the cell. This can significantly alter the chemistry within cells, and increases the risk of toxicity of the fluorescent dyes.
Raman Spectroscopy uses specific, narrow lines caused by molecular vibrational modes to identify chemical groups and their states [3] . This is a great benefit for chemical identification; however, Raman signals are too weak to detect on the singlemolecule or single-particle level. Also, there is no ability to select for particular analytes: in a heterogeneous environment, many molecules will contribute to the Raman signal. However, if the chemical group of interest is near a metal surface with a roughness on the nanometer scale, an enormous enhancement of the signal occurs, resulting in detectable signals from single particles. This phenomenon is known as Surface-Enhanced Raman Spectroscopy (SERS) [4] . If the excitation is resonant with an electronic transition in the molecule, then Raman signals from single molecules may even be detected [5] .
In order to overcome the limitations of MRS, fluorescence spectroscopy, and Raman spectroscopy for monitoring analyte concentrations in heterogeneous environments, we are currently developing a new generation of intracellular probes based on the surface-enhanced Raman scattering (SERS) of analyte-sensitive molecules attached to gold or silver nanoparticles. These nanoparticle probes will enable us to monitor the analyte concentration inside the highly heterogeneous chemical environment of cells and tissues with diffraction limited spatial resolution for extended periods of time. The signal strength allows detection of single particles or clusters, and the signal show little or no photodegradation with time. Individual nanoparticles/clusters can be imaged with confocal microscopy to obtain position information with diffraction-limited resolution. Moreover, the location of the nanparticles within the cell can be pinpointed to within 10nm by fitting the intensity profile [6] .
Accomplishments
During this project, we made several methodological improvements that have been used to improve our understanding of the physics of the SERS pH nanoprobes. These insights have helped in testing newly developed hollow gold nanoshells [7, 8] . These nanoshells will now be used in combination with the fast confocal imaging we have developed to perform cell-based measurements of local pH.
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Excerpt from "SERS correlation spectroscopy -solution-based characterization of single scattering centers"
Very strong enhancement of Raman scattering in SERS is correlated with formation of aggregates or clusters. These enhancements result from the intense electric fields located at the junctions of the nanoparticle aggregates. Unfortunately, heterogeneity of cluster formation leads to heterogeneity in enhancements. The heterogeneity reduces the ability to use SERS in a well-controlled manner for practical applications. Recently, nanoshells [7, 8] have been introduced that reduce the variability in the pH response of nanoparticles.
For preliminary characterization, a high-throughput method is needed. In order to test changes in nanoparticles that may improve the heterogeneity, many samples will need to be tested in similar conditions. The standard practice of placing particles on the surface, and performing spectroscopy particle by particle yields a large amount of information on individual particles. However, only a small number of particles is generally probed. Time resolution is generally very limited, down to 30-100 ms at best.
An alternative approach to characterizing the spectroscopic properties of nanoparticle systems is to use solution based techniques. Solution-based techniques have been used for several years in fluorescence studies. In single-molecule fluorescence studies (SMFS), immobilized molecules provide long-time trajectories on the order of several tens of seconds. Solution-based studies contain less information per molecule, but are able to easily probe up to thousands of molecules, easily characterizing any subpopulations. In an analogous fashion to SMFS, here we use solution-based methods to characterize nanoparticles diffusing in solution. Experiments are similar to Eggeling et al [9] with the omission of the lifetime spectroscopy and the addition of multiple channels monitoring narrow spectral ranges. To date, the solution based characterization of nanoparticles has focused on correlation spectroscopy over relatively wide spectral ranges. Here, we quantify the relative contributions of Rayleigh, Raman, and continuum background scattering using ratiometric variables and correlation spectroscopy. These techniques are shown to be effective tools in characterizing distributions of scattering particles. By comparing solid spherical gold nanoparticles of a uniform size (within 10%), silver nanoparticles of varying size and shape, and uniform hollow gold nanoshells, we show that the behavior of the scattering particles depends strongly on shape and composition. The changes in behavior are likely explained by variations in plasmon resonance shapes from particle to particle or particle cluster to particle cluster. The excitation intensity dependence of these processes are shown to be linear in the excitation power range relevant for single particle studies (case we are considering). Individual scattering nanoparticles or clusters diffuse through the confocal detection volume defined by the focused laser and the pinhole in the experimental setup described in figure 1. The scattered light is simultaneously monitored using three channels, corresponding to a Raman line, the Rayleigh line, and a section of continuum background scattering. These three detectors and the associated timing electronics are used to record arrival times of scattered photons with 12.5 ns resolution, forming three photon streams, t . These photon streams are analyzed by searching for photon bursts and calculating ratiometric observables, as well as performing auto-and cross-correlation analyses. A burst of scattered photons from individual scattering clusters or particles is found using the algorithm described in [10] , and provides start and end times start t and 
which gives the fraction of photons detected that are from Rayleigh scattering vs. Raman scattering and continuum background scattering (note that the Rayleigh scattering APD had a neutral density filter with OD 3.6). Second,
which gives the fraction of photons that come from the "background" channel that does not contain a Raman line for MBA, ignoring the Rayleigh scattering. Both Ry r and bkgd r are expected to increase upon functionalization of the nanoparticles with MBA relative to the increasing contributions from Raman scattering.
(They could, however, also be affected by aggregation after MBA addition -should show a before and after comparison of just background and Rayleigh). Note that the Raman channel also contains a contribution from continuum background scattering, so that this ratio cannot be 0 in the absence of MBA.
Correlation Spectroscopy
Correlation spectroscopy on SERS, background scattering, and Rayleigh scattering signals of nanoparticles provides rotational and translational diffusion parameters of particles. These can be interpreted in terms of the size of the scattering particles and clusters. As we will see, it will also allow us to distinguish between anisotropic scattering from particle-particle junctions and more isotropic scattering from individual nanoshells.
A modification of the experimental setup in figure 1 is used to probe the origin of the two-time scale behavior found in correlations. Only two APDs are used, and a polarizing beam splitter cube is used rather than dichroic mirrors. The initial polarization of the laser beam is now carefully chosen to be linear. Polarization-FCS measures a polarization response and rotational diffusion times
Ratiometric Single-cluster spectroscopy monitors SERS and Rayleigh Scattering
We first characterized the nanoparticle scattering properties using the ratios Ry r and bkgd r , which are both ratios expected to increase as the concentration of MBA is increased. subpopulation is dominated by the SERS signal from MBA on the surface. As more MBA is added (Fig. 2c) , aggregation of the nanoparticles increases greatly (shown below), and the SERS signal increases. The Au nanoparticles are of much more uniform size and shape. In the sample without added MBA (Figure 2d) , there are two subpopulations visible: one with very little Raman or Continuum Background scattering (low Ry r ), and one with significant Raman or CB scattering ( Ry r between 0.7 and 1.0). When MBA is added (Figures 2e and   2f ), the position of the peak showing Raman or CB scattering shifts to higher bkgd r . This is because the Raman line from MBA now appears, and the intensity in the channel monitoring that line increases. The increase is not as dramatic in this case as in the case with Ag. This is expected, since Ag in general provides larger SERS enhancements. For the Au nanoshells ( Fig. 2g-i) , bkgd r increases with MBA as with the solid nanoparticles. However, one large difference is that there is only one subpopulation visible. The distribution in Ry r is relatively wide, but it does not split into two distinct subpopulations. This is likely due to the more homogeneous nature of the scattering nanoshells. In order to see a significant scattering signal from a nanoparticle, the electric field at the particle part E must be enhanced compared to the free electric field free E both at the laser excitation frequency 0 ω and at the Raman-shifted frequency 0 ω − ∆ , In Figure 3 , we examine the widths of the distributions from Figure 2 (Figure  2f ), the widths of the histograms for the nanoshells are lower, once MBA is added. Note that the narrowing of the distribution for Ag at higher MBA concentrations is due simply to the high value of the ratio bkgd r [12] . 
SERS-CS detects a polarization response and rotational diffusion times
The temporal response of SERS from individual nanoparticles may be analyzed using correlation spectroscopy, similar to fluorescence correlation spectroscopy (FCS) [9] . The correlation response in SERS experiments on diffusing nanoparticles often show two time scales (Figure 4a ). The longer time scale is from translational diffusion of the nanoparticles through the confocal detection volume, and the shorter time scale is from rotational diffusion of the nanoparticles. The rotational diffusion is visible if the Plasmon resonance of the nanoparticle is preferentially excited along a certain direction. Such a preferred direction may arise due to varying shapes of particles or by inter-particle junctions. For truly spherically symmetric particles, no sensitivity to polarization is expected.
When the laser excitation is polarized along the preferred dipole of a nanoparticle or nanoparticle assembly, a larger scattering signal is observed. In addition, the detection efficiency is sensitive to polarization either by design (using a polarization sensitive element on the detection path) or by necessity (the objective will detect light polarized along the optical axis much less efficiently). We split the emission into two perpendicular polarizations, and monitor the fluctuation time scales by performing autoand cross-correlations between the two signals. Since a particle cannot be scattering strongly into the two perpendicular polarizations, we expect cross-correlations between the two channels to show reduced or negative amplitude for the shorter time scale, if it is indeed from rotational diffusion of the nanoparticles. Figure 4a does indeed show such reduced amplitudes, supporting our identification of the rotational and translational diffusion time scales. Similar rotational diffusion measurements were seen previously with spherical Ag nanoparticles [9] .
The three nanoparticles samples we studied show distinct characteristics when monitored with correlation spectroscopy. Applying recently developed single-molecule FCS [13] to SERS, we study the correlations from individual nanoparticles or nanoparticle clusters. In Figures 4b-d, we show examples of the autocorrelations of the Rayleigh (red) and the Raman (black) channels as well as their cross-correlations (green and blue) for individual nanoparticles or nanoparticle clusters. In all cases, autocorrelations and cross-correlations of the Raman and Continuum Background channels overlap within expected error. Figure 4b shows typical results for particle assemblies of Ag nanoparticles. Both the Raman (black) and Rayleigh (red) channel autocorrelations show strong rotational diffusion contributions, and the cross-correlations show similar contributions, indicating that the Rayleigh and Raman dipoles are at least roughly aligned.
The Au nanoparticles have a different behavior. First, the amplitudes of the rotational diffusion components are smaller than for the Ag nanoparticles in the autocorrelations. Second, the cross-correlations often have negative amplitudes, indicating that strongest dipole directions for the Rayleigh and Raman scattering may not overlap. These two facts may indicate that there are multiple strong scattering interfaces in each nanoparticle assembly, with one stronger for the Rayleigh signal and another stronger in the Raman signal.
The Au nanoshells show a third, very important behavior (Figure 4d ). The rotational diffusion component of scattering is not detectable in most cases. This is what is expected for a spherically symmetric, scattering nanoparticle. A previous study claimed that the rotational diffusion component could be seen with individual, spherically symmetric nanoparticles [9] . We were not able to observe SERS scattering from solid nanoparticles without some aggregration [14] . Figure 4 : (a) Scattering from nanoparticles are monitored using two channels, one with polarization parallel to the excitation, and one perpendicular to the excitation. Autocorrelations of the parallel (black) and perpendicular (red) channels are shown, as well as cross-correlations of the two channels (green and blue). There are two timescales of fluctuations evident. The longer timescale is from translational diffusion and does not depend on polarization. The shorter timescale is from rotational diffusion. The ability to detect rotational diffusion depends on the anisotropic polarization dependence of plasmon excitations due to clustering of nanoparticles. For nanoshells, the rotational diffusion fluctuations are absent due to the isotropic plasmon resonance. Using the information that the second correlation timescale is due to rotational diffusion, we can study the relative orientation of Raman-active and Rayleigh-active dipoles in samples. Representative correlations from single bursts are shown after expanding the correlation region [13] . In Figure 5 , we show histograms of fitting parameters for the correlations obtained for each nanoparticle observed in the experiments described earlier. For each nanoparticle or cluster, three fitting parameters are shown: the translational diffusion time , the rotational diffusion time, and the ratio of the rotational diffusion correlation amplitudes of the cross-correlations to that of the autocorrelation. The results for the Ag nanoparticles are on the left (Figures 5a-c) , those for the Au nanoparticles are in the middle (Figures 5d-f) , and those for the Au nanoshells are on the right (Figures 5g-i) . In each case, histograms are shown for increasing MBA concentration from black, to red, to green.
Green histograms in (a), (b), and (c) have longer timescales, and are "spread out" all over the place, indicating aggregation. The largest peak in A P for Ag (red and black in (c)) is for values near 0.5, indicating most of the time the Rayleigh and Raman dipoles are aligned. For the Au (b), most of the time the dipoles are not aligned. Note that the width of the peak for A P is larger for Au (b) than for the nanoshells, even though the signals are more intense in the case of Au. The pH is obtained from the SERS signal by calculating the ratio of a Raman line dependent on pH to a Raman line independent of pH. We have developed a rapid assay that focuses only on the relevant lines, allowing higher throughput in the number of particles analyzed (Figure 3) . Fast pH measurements are tested by scanning confocal beam in solution containing MBA-coated silver nanoparticles. For each "burst" of photons (approximately 20 ms long), the ratio of the photons detected from the pHvariable line to the total number of photons detected is calculated, and placed in the histogram to the right. There is a clear shift in this ratio when the pH of the solution is changed from pH 8.5 to pH 5.5. The widths of the peaks in the histograms are similar to those found using the full spectroscopy in [14] . Figure 7 shows results of these measurements, demonstrating the dependence of the ratio on pH. The widths of the peaks demonstrate present resolution limits in our ability to determine the pH. These resolution limits are not related to the signal to noise of the measurements, but are intrinsic variations between particle clusters. Figure 8 shows the results of combining the use of fast pH detection with a confocal scanning image. Rather than requiring 20 s per particle, the image can obtain information on hundreds of particles in 200s. To measure pH using SERS, we select a Raman line that varies with pH (detector 1; selected using bandpass filter BP1) and on a Raman line that is constant (detector 2; selected using BP2). Confocal fluorescence microscopy is used to detect scattering particles; fast avalanche photodiodes (APD1 and APD2) are used to detect the scattered photons. [14] .
